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Abstract 
Objectives: Stable isotope analysis  has  often  been  used  in  neonatal  remains  from 
archaeological contexts to investigate the presence  of a signal of breastfeeding and weaning in past 
populations. Tooth histology on the other hand might be used as an indicator of birth survival. This 
pilot study aimed to investigate the feasibility of using stable nitrogen (δ15N) and carbon (δ13C) 
isotope values from neonatal bone collagen to elucidate if values deviating from the adult female 
average could indicate breastfeeding and co-occur with the presence of a neonatal line (NNL). The 
combination of these independent indicators might be useful in clarifying the fate of individuals 
who died around birth. 
Materials and Methods: Bone collagen from 21 archaeological human and animal specimens was 
extracted and analyzed via mass spectrometry for δ15N and δ13C. A verification of the stable isotope 
results was undertaken using tooth histology on three individuals who were investigated for the 
presence of a NNL as an indicator of live birth and short survival. 
Results: The biological age of the human samples varied between 8.5 lunar months (Lm) and 2 
postnatal months (Pm) of age. All except one individual exhibited elevated δ15N values compared 
to the female average. The histological analyses revealed no NNL for this and two further 
individuals (n = 3).  
Discussion: The results indicate that elevated nitrogen values of very young infants relative to a 
female average in archaeological contexts are not necessarily associated with a breastfeeding onset 
signal, and therefore cannot be used exclusively as a proxy of birth survival. The elevation might 
be possible due to various reasons; one could be nutritional, in particular maternal stress during 
pregnancy or a metabolic disorder of mother and/or her child. In those cases, the evaluation of a 
NNL might reveal a false breastfeeding signal as seen for two individuals in our sample who have 
elevated nitrogen values despite the fact no NNL could be observed. Overall, our data support the 
growing awareness that bone collagen δ15N values of neonates/infants should not be used as a 
proxy for breastfeeding or birth survival on its own. 
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1. Introduction 
 
Reproductive failure and neonatal or first year mortality are crucial variables for the demographic 
development of past and present populations (Rollet, 1997; United Nations Inter-agency Group for 
Child Mortality Estimation [UN IGME], 2018). From a medical or paleopathological viewpoint, 
stillbirth and very early life mortality are regularly regarded as the outcome of adverse influences 
affecting the mother and the fetus during pregnancy or at birth (Bukowski et al., 2014). These adverse 
influences might reflect environmental, nutritional, sanitary, and health conditions. There is also 
evolutionary reasoning tied to reproductive failure as fetal death  might  be  adaptive  in  a  sense  
that  it forgoes investment in offspring during times of reduced chances of survival and would enable 
successful reproduction under improved conditions (Peacock, 1990). To untangle these different 
views and interpret mortality patterns, it is crucial to discern between stillborn fetuses and those who 
survived birth at least for a short period. Age-at-death estimation by conventional  osteometric and 
morphognostic criteria rely on mean values obtained from reference samples of known age 
(Cunningham, Scheuer, & Black, 2016; Fazekas & Kósa, 1978), but the population affinity might 
actually be quite distant to the population under consideration (Scheuer & Black, 2004). Furthermore, 
relying on population means can result in the misclassification of cases in individuals that are 
advanced or delayed in their development compared to average percentiles (Scheuer & Black, 2004). 
To overcome these limitations, additional methods have to be employed. 
 
1.1. Stable isotopes 
 
Stable isotope analysis is regularly used in archeological contexts to identify dietary habits including  
breastfeeding,  weaning  as  well  as migration  patterns of past populations (Ambrose, 1993; Burt, 
2015; Dupras & Schwarcz, 2001; Fuller et al., 2004; Jay, 2009; Katzenberg, 2008; Katzenberg, 
McKenzie, Losey, Goriunova, & Weber, 2012; King et al., 2017; Lee-Thorp, 2008; Lösch, Grupe, 
& Peters, 2006; Lösch, Moghaddam, Grossschmidt, Risser, & Kanz, 2014; Millard, 2000; 
Moghaddam, Müller, Hafner,  &  Lösch,  2016;  Schurr,  1998;  Tsutaya  & Yoneda,  2015;  Vogel  
&  van  der Merwe, 1977). Several studies  have also been conducted in order to investigate the 
relationship of isoto-pic  composition  between  mother–infant  pairs  (De Luca et al., 2012; Dupras, 
Schwarcz, & Fairgrieve, 2001; Dupras & Tocheri, 2007; Fogel, Tuross,  &  Owsley,  1989;  Fuller,  
Fuller,  Harris,  & Hedges, 2006;  Herrscher,  Goude,  &  Metz,  2017;  Jay,  2009;  Pearson,  Hedges,  
Molleson,  &  Ozbek,  2010;  Prowse  et  al.,  2008;  Reynard  &  Tuross, 2015; Richards, Mays, & 
Fuller, 2002; Romek et al., 2013; Schurr, 1998). It has been postulated that the tissue of a breastfed 
child expresses elevated nitrogen (δ15N) and carbon (δ13C) values compared to the tissue of its mother 
due to the trophic level effect. A breastfed individual would show this enrichment as it consumes the 
mothers' breastmilk, which is enriched in 15N in relation to the mother's diet and her body tissue 
(Fuller et al., 2006; Herrscher et al., 2017). This effect is especially seen in different body tissues for 
δ15N with an enrichment of about 2–3‰ between the different trophic levels and an enrichment of 
1‰ of δ13C (Fuller et al., 2006) while Herrscher et al. (2017) recorded a difference of less than 0.5‰ 
between child and mother. A problem encountered with skeletal remains is that the exact 
incorporation time of different elements into the collagen of developing bone is unknown and 
depends on the type of bone (Fahy, Deter, Pitfield, Miszkiewicz, & Mahoney, 2017) and the 
biological age of individuals themselves (Lehn, Rossmann, & Graw, 2015; Tsutaya & Yoneda, 
2013). This complexity related to bone growth led other authors to use tooth dentin as the source for 
collagen since dentin growth is strictly appositional and normally lacks remodeling (Beaumont et al., 
2018). The incorporation period of elements into collagen in a growing fetus is dependent on the 
availability of nutrients in the mother's womb and the pace of bone metabolism and turnover, and 
therefore reflects the mother's diet to an unknown extent. According to Lehn et al. (2015), the 
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measureable isotope composition around birth has been incorporated into the fetal bone between 0 
and 4 weeks prior to birth. The detection of a breastfeeding signal in infants postnatally has been 
reported by Fogel et al. (1989) and Nitsch, Humphrey, and Hedges (2011) after 8–12 weeks in 
fingernails and 5–6 weeks in rib collagen, respectively. It has to be emphasized further that the 
trophic effect in infants always develops relative to their mothers tissues (De Luca et al., 2012; 
Herrscher et al., 2017; Lehn et al., 2015). However, in archaeological contexts a reliable 
identification of mother–infant pairs can rarely be substantiated. 
 
1.2. Neonatal line 
 
During birth, the level of physiological stress normally increases sub-stantially for both the mother 
and the fetus. Normal labor as well as birth complications leads to elevated intrauterine pressure and 
regu-larly to a decreasing oxygen supply resulting in acidosis that consti-tutes stress for the fetal 
physiology (Schneider & Kuchenbecker, 1986). The enamel forming cells, the ameloblasts, seem to 
be espe-cially susceptible to an elevated level of systemic stress. The impairment of cell function 
results in recording this experienced stress in the microstructure of the enamel, which might even be 
associated with hypoplasia (Hillson, 2014; Kronfeld & Schour, 1939; Stimmler, Snodgrass, & Jaffe, 
1973). In the enamel of permanent teeth, different degrees of impaired enamel matrix secretion result 
in changes in enamel microstructure ranging from subtle alterations like accentua- tion of the 
incremental pattern (Witzel, Kierdorf, Schultz, & Kierdorf, 2008), the indistinctness of prims profiles 
(obscured prism identity, (Risnes, 1999)), the formation of aprismatic enamel, or even an abrupt 
cessation of enamel formation (Witzel et al., 2008). This can be related to the intensity of the stressor, 
modulated by ameloblast intrinsic fac- tors (e.g., age). Similar structural aberrations have also been 
shown for the enamel of deciduous teeth (Witzel, 2014a). Since enamel lacks remodeling, the 
perturbation induced by the birth process can be rec- ognized as an accentuated incremental marking 
referred to as the neonatal line (NNL) in teeth that start hard tissue formation in utero, which includes 
all deciduous teeth and first molars. This incremental marking can be analyzed retrospectively in 
tooth sections by light and scanning electron microscopy (SEM; Birch & Dean, 2014; Hillson, 2014; 
Hurnanen, Visnapuu, Sillanpaa, Loyttyniemi, & Rautava, 2017; Kurek et al., 2016; Sabel et al., 2008; 
Sebald, Stenzel, Gruenewald, & Grupe, 2018; Witzel, 2014b). Nondestructive techniques will poten- 
tially replace destructive approaches based on sectioned teeth in the future (Le Cabec, Dean, & 
Begun, 2017; Nava et al., 2017; Tafforeau & Smith, 2008). The NNL marks the division between the 
enamel secreted prenatally and postnatally. Its location is dependent on the beginning of enamel 
secretion in utero starting with the deciduous incisors ~15 weeks after ovulation, (Sunderland, Smith, 
& Sunderland, 1987) and the duration of gestation (Skinner & Dupras, 1993). The presence of a NNL 
can be taken as an indicator for surviving birth (Schwartz, Houghton, Macchiarelli, & Bondioli, 2010; 
Smith & Avishai, 2005; Witzel, 2014b), but the incomplete mineralization of recently secreted 
enamel matrix makes the portion along the secretory front prone to the loss of material (Antoine, 
Hillson, & Dean, 2009). Therefore, a period of 7–10 days of surviving birth is usually neces- sary to 
detect the NNL in micrographs of enamel (Whittaker & Mac- Donald, 1989; Witzel, 2014a,b). The 
necessity of formation of at least a small amount of postnatal enamel in order to be able to observe 
the NNL is the reason why its absence is not an exclusive indicator of stillbirth. 
In our study, we investigate the stable isotope values (δ15N andδ13C) of 11 fetal/neonatal remains 
buried intramurally in the Roman settlement of Petinesca, Switzerland (Figure 1) and compared them 
to the stable isotope data of the associated adult women from the nearby contemporary cemetery 
(Lösch et al., 2013). It is hypothesized, that lower or similar δ15N values of the infants compared to 
the average of the adult women suggest the absence of a breastfeeding signal. Considering the lag 
time for the incorporation of a signal related to mother's milk into bone collagen, the age estimates 
of the infants would preclude the occurrence of such a signal. In cases where indi- viduals had teeth 
preserved, enamel was investigated microscopically for the presence of a NNL. Elevated δ15N values 
Siebke et al. (2019) Those who died very young—Inferences from δ15N and δ13C in bone collagen 
and the absence of a neonatal line in enamel related to the possible onset of breastfeeding. Am J 
Phys Anthropol. 1–14. https://doi.org/10.1002/ajpa.23847 
could only be interpreted as a breastfeeding signal when a certain period of survival after birth is 
documented by the presence of a NNL. This approach provides a framework to better understand and 
interpret elevated δ15N values of bone collagen from neonates and infants. 
 
2. Materials and Methods 
 
Samples from 11 infants (first to third century AD) and 14 animal bones of 7 different species of the 
Roman settlement Petinesca (Figure 1) were used for the analysis of stable nitrogen and carbon isotopes 
(Table 1). The infants were found, buried in close association with the ancient roman buildings (Figure 1). 
That the youngest infants were not buried at the cemetery is common in Roman times and is mentioned 
by different authors (Kramis & Trancik, 2014; Ulrich- Bochsler & Zwahlen, 2011). Additionally, the 
published data from Lösch et al. (2013) of the related cemetery were taken for comparison (two female 
skeletons). 
The ages at death of the infants were morphologically estimated to be between 8.5 lunar months (Lm) up 
to 2 months of postnatal age (Ulrich-Bochsler & Zwahlen, 2011). Additionally, age was estimated based 
on measurements of vertical tooth height of the three individ- uals with preserved teeth compared to the 
data published by Deutsch, Pe'er, and Gedalia (1984). 
 
2.1. Methods 
 
2.1.1. Collagen extraction and stable isotope measurements 
The extraction of collagen from bone was performed using a modified acid-base extraction method 
based on Ambrose (1990, 1993), DeNiro (1985), and Longin (1971). 
The selected long bones were mechanically cleaned and treated in an ultrasound bath with distilled 
water (ddH2O). The samples were then dried and ground to powder. For each sample, 500 ± 3 mg 
of bone powder was weighed. The samples were treated with 10 mL of 1 M hydrochloric acid 
(HCl) for 20 min at room temperature. Samples were washed with ddH2O until neutralized and 10 
mL of 0.125 M sodium hydroxide (NaOH) was added to the solution, which then was left for 
incubation (20 hr) at room temperature. 
The samples were washed with ddH2O until neutralization and 10 mL of 0.001 M HCl was added 
and placed in a 90o C water bath for 10–17 hr allowing solubilization of the collagen. 
The solubilized collagen was filtered and freeze-dried. The solid collagen was sent for analysis via 
an isotope ratio mass-spectrometry by isolab GmbH, Schweitenkirchen, Germany. 
The provided results are the mean of the three measurements taken for each sample. They are 
expressed in δ-notation per mil (‰). 
The standards used are Vienna Pee Dee Belemnite (V-PDB), for carbon and Ambient Inhalable 
Reservoir (AIR), for nitrogen. Internal analytical errors were recorded as 0.1‰ for δ13C and 0.2‰ 
for δ15N. 
 
2.1.2. Quality of collagen 
 
The quality criteria of collagen were (a) a value of >1% collagen por- tion of dry bone, (b) a 
molecular C/N ratio between 2.9 and 3.6 (Ambrose, 1993; DeNiro, 1985), and (c) no strong 
deviation of values of %C and %N from the abundance of 43% and 15–16%, respectively, typical 
for fresh bone (Ambrose, 1990). Only samples that fulfilled all three criteria were considered for 
interpretation. 
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2.1.3. Histological analyses of teeth and NNL detection 
 
Teeth for histological sectioning were available for three individuals: SPV 12, the deciduous lower 
left first incisor (dLLI1); SPT 1, the decid- uous upper left first incisor (dULI1) and the deciduous 
upper right third premolar (dURP3); SPV 10, the deciduous lower right first incisor (dLRI1) and 
the deciduous lower right canine (dLRC). Teeth were measured in length and photographed prior to 
prepa- ration for histological analysis. Following the method described by Kierdorf, Witzel, Upex, 
Dobney, and Kierdorf (2012) and Witzel et al. (2008), the teeth were embedded in epoxy resin 
(Biodur E1/E12) and cured at 30o C. Axiobuccolingual sections were cut using a water-cooled 
power saw with a diamond-coated cutting wheel. Silicon carbide sandpaper (grit 600–2,000) and a 
motorized rotor grinder, together with a diamond suspension (particle size 3 μm) were used to 
polish cut surfaces. Fur- ther sample preparation varied depending on which microscope imag- ing 
technique was used; light microscopy or SEM. 
 
2.1.4. Light microscopy 
 
The polished samples were fitted onto a glass slide with Biodur epoxy resin and cured at 30°C. At 
~600 μm distance from section was then cut from each mounted sample. Further grinding was 
performed with silicon carbide sandpaper of different grit (grit 600–4,000), with a final polishing. 
Resulting section thickness was~40 μm for all specimens. The slides were then cover slipped and 
left to cure at 30°C. Examination of the slides was performed with a Zeiss Axioskop 2 Plus 
microscope with an attached Zeiss Axiocam 503 color digital camera. 
 
2.1.5. Scanning electron microscopy 
 
For inspection in the SEM, the polished cut surfaces of the blocks of SPT 1 tooth dULI1 and 
dURP3, SPV 10 tooth dLRI1, and SPV 12 tooth dLLI1were viewed uncoated in a Zeiss EVO MA 
15 SEM operated with the backscattered secondary electron detector and photographed. 
 
 
3. Results  
 
3.1. Stable isotope analysis 
 
Out of the 11 human samples, one sample SPV 2 did not yield enough collagen for analysis and 
was therefore excluded (Table 2). For the 14 samples of the animal specimens SPV B3, SPV C/O3, 
and SPV O/C6 did not yield collagen and were also excluded (Table 3). This resulted in a total of 
21 samples for analysis. Figure 2 presents the δ13C against δ15N values of the human and animal 
samples including the averages. The neonatal δ13C values (average −18.9 ± 0.9‰) scatter around 
the female average −19.2 ± 0.4‰ taken from Lösch et al. (2013) for δ13C. For the δ15N, the average 
value of the females (9.3 ± 0.2‰) is 1.9‰ lower than the average value of the neonates (11.2 ± 
0.9‰). When plotting the infant samples alone, sample SPV 10 is not aligned to the other infants 
(−16.6‰ for δ13C and 9.2‰ for δ15N), but falls within the values of the female δ15N average (9.3‰ 
± 0.2‰; Figures 3 and 4). 
 
3.2. Tooth histology 
 
In total five teeth from three different individuals were available for histological analyses. Two 
individuals exhibiting elevated δ15N values (SPV 12; SPT 1) and one exhibiting no elevated δ15N 
value (SPV 10) compared to the mean of the adult females from the site. The age estimation based 
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on tooth height measurements (Table 4) revealed an age in the gestational period for SPT 1 (36 
weeks—ninth Lm) and around term birth (40 weeks—tenth Lm) for SPV 10 and 12. 
In the enamel of all the examined deciduous teeth, no indication of a NNL could be detected 
(Figure 5). Depending on the tooth type, the position of the enamel forming front at birth is 
expected to be continuous along the external enamel surface (canines, premolars) or restricted to 
the cervical margin (incisors). In the dLRI1 of SPV 10 in this location an obscured prism identity is 
observable underneath the surface, but no corresponding expression could be found along the 
external enamel sur- face of the dLRC of the same individual (Figure 5a,b). Teeth from both 
remaining individuals exhibit prismatic enamel structure up to the enamel surface (Figure 5c,d). In 
the dLLI1 of individual SPV 12, an over- all accentuation of the incremental pattern was evident 
(Figure 5d). 
None of the five teeth used for histological analysis expressed a NNL. 
 
 
4. DISCUSSION  
 
The following assumptions concerning stable isotope data of neonates and infants with regard to 
breastfeeding and weaning serve as basis for our discussion (Beaumont, Montgomery, Buckberry, 
& Jay, 2015; Tsutaya & Yoneda, 2015): 
1. The effect of an individual's metabolism on the stable isotope values is minor. 
2. The female average of the archeological site can be used as a proxy for the diet and the 
approximate isotope values of the actual mothers to evaluate the trophic level shift of the 
infants. 
3. The biological age of the infants is reflecting the chronological age; hence, age-at-death 
estimations do not affect the interpretation of stable isotope values greatly. 
4. The cause of death did not affect the stable isotope values of the individual. 
 
In addition, it must be stated whether the stable isotope values from an individual are evaluated in 
relation to group data or individual data to verify the capabilities of the interpretation. 
 
4.1. δ15N values as proxies for birth survival? 
 
The observed trophic level shifts of the δ15N values from animals to females and to infants 
demonstrated the expected distribution in general. This is further confirmed by the δ13C values of 
herbivores, omnivores, and carnivores in comparison to humans. In studies on recent breastfed 
mother–infant pairs, δ13C values show a small enrichment in body tissue, such as nails and hair, of 
less than 1‰ from mother to child (Fuller et al., 2006; Herrscher et al., 2017). This was also 
observed for our bones with a fractionation of between mothers and their infants (Fogel et al., 
1989; Fuller et al., 2006). There could be several reasons for the slightly lower Δ15N value 
observed in this study. One explanation might be the age of the infants who died before attaining 
two postnatal months (Pm). There- fore, an incompletely incorporated breastfeeding signal could 
be the reason. Another reason is discussed by Waters-Rist and Katzenberg (2010) who observed a 
lower 15N enrichment than is generally expected between trophic levels, due to a positive nitrogen 
balance in infants who quickly grow. During growth, more nitrogen is taken up Δ13C females–
infants= 0.1‰ when excluding SPV 10, since SPV 10 is an than is excreted and as a result the 
lighter isotope (14N) is incorporated more rapidly leading to a decrease of the overall δ15N value 
outlier according to its δ13C and δ15N values. When including SPV 10 the Δ13Cfemales–infants is 
0.4‰ (Figure 4). This is in concordance with the general assumption that δ13C values from 
(archaeological) bone collagen are not suitable for assessing breastfeeding signals (Fuller et al., 
2006). On the other hand, it is postulated that a breastfeeding signal is present when δ15N values of 
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neonate's and infant's bone collagen are enriched compared to a female average at the same site 
(Tsutaya & Yoneda, 2015). At Studen Petinesca, an enrichment between the female and the infant 
average is observable with a fractionation of Δ15Nfemales–infants = 2.0‰ when  excluding  SPV  
10  (Δ15Nfemales– infants = 1.8‰ when including SPV 10). This represents the lower mar- gin of 
the published values of a trophic level enrichment by 2–3‰ (Katzenberg & Lovell, 1999). Hence, a 
trophic level shift of 3‰ from females to infants could not be expected for the very young infants 
of this study. Our initial hypothesis might be true for individual SPV10 as all other neonates show 
increased values and they might express the onset of a breastfeeding signal (Figure 4a). However, 
the hypothesis cannot be verified or falsified based on our collagen δ15N data solely. This is also 
stated by Beaumont et al. (2018) who found that δ15N of bone collagen is less reliable compared to 
δ15N of co-forming dentin and concluded that bone collagen is not an authentic material for 
statements about breastfeeding and weaning. The reasons discussed in the next paragraph indicate 
why the interpretation of the δ13C and δ15N values for all neonates/infants is challenging, especially 
for outliers such as SPV 10 and fetal remains such as SPV 1 (Figure 4). 
However, some reasons for the relatively low δ15N value of SPV 10, whose age-at-death was 
estimated to be 10 Lm, could be:  
1. A period of increased growth resulting in a positive nitrogen balance. 
2. The reflection of an enriched δ15N value in relation to the actual mother, whose δ15N value 
must have been even lower and is not observed from Studen Petinesca. If this were the 
case, the mother would have had a diet very low in or without any animal proteins. But, 
none of the investigated females show δ15N values indicative for a low animal protein diet, 
in relation to the fauna data. 
3. The age-at-death estimation of the neonate does not reflect its chronological age. 
4. A pathological condition, for example, a metabolic disorder, of SPV 10 and/or its mother. 
5. A combination of several aforementioned reasons.  
 
The higher δ13C value of SPV 10 compared to the other infants and the female average might be 
“normal” in relation to the true mother who might have had a diet rich in C4 plants or could be 
indicative for a metabolic disorder of the infant. However, currently comparative data are missing 
to evaluate the discordant carbon value of SPV 10 in the context of birth survival and 
breastfeeding. In general, a death around birth is the only postulation for SPV 10, based on the 
stable isotope values in combination with the morphological–anthropological investigation, which 
can be made so far. 
The enriched 15N value of SPV 1 (Figure 4a) follows the trend of other reported preterm neonate 
(5–7 Lm) values (Kinaston et al., 2009; Richards et al., 2002; Siebke, Kanz, Witzel, & Lösch, 
2016). This could be indicative for an early breastfeeding signal but is highly unlikely due to the 
young age and the required incorporation time of dietary elements into bone collagen. Therefore, 
we consider the value of SPV 1 as a “falsely interpreted breastfeeding signal” which might be due 
to a pregnancy-related negative nitrogen balance of the mother or a certain fluctuation of the δ15N 
values during the fetal period as described by De Luca et al. (2012) and Fuller et al. (2006) 
observed for modern mother–infant pairs.  
 
4.2. Challenges of using δ15N values to identify breastfeeding signals 
 
The interpretation of a trophic level shift between females and infants in a population as an 
indicator for breastfeeding is based on limited information. These limitations comprise for instance 
metabolic effects, the amount of food as well as the sources of food. The concept of equifinality has 
to be considered, as a combination of different pre-conditions can lead to the same outcomes due to 
genetically and environmentally determined unknown individual metabolic factors. This includes 
the variables affecting the incorporation and turnover rates of the lighter and heavier isotopes with 
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regard to stress levels and different tissue types as discussed by Beaumont et al. (2018). Namely, 
both, a diet rich in meat as well as periods of starvation might result in elevated nitrogen values 
(Mekota, Grupe, Ufer, & Cuntz, 2006). 
Additionally, if the average nitrogen value of females is used as a proxy of the overall female diet, 
little food variability, and a negligible migration must be assumed within the population. 
Notwithstanding that, this is currently the most practiced method to evaluate archaeological 
“mother–infant” isotope relationships and has been widely accepted, as reviewed by Tsutaya and 
Yoneda (2015) and Reynard and Tuross (2015). The fact that the actual mothers might not be 
among the investigated adult females limits the interpretation of individual values. It has been 
discussed that pregnant and lactating females express different isotope ratios than non-pregnant and 
non-lactating females. Hence, using a female average whose reproductive status is unclear a sample 
bias might be introduced (De Luca et al., 2012; Fuller et al., 2004, 2005). 
Furthermore, the morphological investigations and aspects—which are determined by genetic 
factors and environmental influences—such as age-at-death estimations and growth as well as the 
subadult mortality bias (DeWitte & Stojanowski, 2015) increase the uncertainties when studying 
archeological remains in three ways. 
1. The age estimation represents a bias as the age at death of the individual might be over or 
underestimated. 
2. The effect of growth or maternal nutritional stress on bone collagen, such as positive or 
negative nitrogen balance, requires further research to be better understood (Beaumont et 
al., 2018; Fuller et al., 2004; Reitsema & Muir, 2015). 
3. The reasons for the infants' death (subadult mortality bias) are difficult to interpret but 
these may have had an effect on the collagen synthesis. Therefore, the stable isotope data 
may be influenced and the interpretation might be affected. 
 
4.3. Combining stable isotopes and tooth histology—A NNL? 
 
Tooth histology alone does not provide information about breastfeeding; however, it has been 
argued that an accumulation of macroscopic and microscopic hypoplastic enamel defects in certain 
regions of the crowns in parts of the permanent dentition can be used as a proxy for weaning 
(Blakey, Leslie, & Reidy, 1994; Katzenberg, Herring, & Saunders, 1996). However, tooth 
microstructure has been demonstrated to enable an accurate high-resolution age determination 
(Antoine et al., 2009; Birch & Dean, 2013; Hillson, 2014). Different regular incremental markings 
with a well-established periodicity in humans and their primate relatives can be counted or 
measured in order to provide data on the timing of tooth formation (Hupková, Dirks, Králík, & 
Račanská, 2015; Smith, Reid, & Sirianni, 2006; Witzel, Flohr, & Becker, 2009). If teeth of non-
primate mammals mammals are to be investigated by this approach, periodicities of incremental 
markings have to be confirmed independently since they can deviate from the primate pattern 
(Kierdorf, Breuer, Witzel, & Kierdorf, 2019; Kierdorf, Kierdorf, Frölich, & Witzel, 2013). Age-at-
death estimation depends on the identification of an incremental marking that is formed at the time 
of birth. Corresponding to the size and stage of development of the deciduous dentition and the 
permanent first molar at birth, a particularly prominent marking can regularly be identified in the 
enamel and sometimes also in the dentin of the respective teeth (Hillson, 2014; Rushton, 1933; 
Schour, 1936). Given the estimated ages at death of the examined individuals, only a short-term 
birth survival was expected. Two of the individuals (SPV 10 and SPV 12) have metric and 
developmental characteristics of being full-term fetuses or neonates (Tables 4 and 5). The third 
individual (SPT 1) was estimated even younger (c. 36 weeks of gestation) following the charts 
presented by Deutsch et al. (1984). Considering the δ15N value of SPV 10, it was hypothesized to 
have died before a breastfeeding signal could have been developed, whereas SPV 12 and SPT 1 
were expected to have survived birth long enough to develop an elevated δ15N value due to 
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consumption of mother's milk (Tables 5 and 6; Figure 4a). According to this assumption, the 
survival period must have been within the range of about 2 months since this is the suggested 
turnover rate for bone collagen in infants in order to exhibit a fully established breastfeeding signal 
(Nitsch et al., 2011). However, histology yielded no indication for the presence of a NNL in all 
three individuals. Moreover, the only microstructural conspicuity was present in the dLRI1 of SPV 
10 where in the cervical enamel a much less distinct prismatic enamel microstructure was located 
in the last pre-served enamel at the outer edge. However, no corresponding alteration could be 
found in the dLRC of the same individual. Low mineralization and the peripheral location of the 
enamel secreted last make it prone to be lost easily (Antoine et al., 2009). If the obscured prism 
identity in the dLRI1 of SPV 10 was caused by birth, this individual could only have survived for a 
few days. In the remaining two individuals, no indication of a NNL was detected although both 
exhibited elevated δ15N values compared to the female average. Taking into account the metrical 
and developmental age indicators of these individuals, they are a late fetus (SPT 1) and a full-term 
fetus/neonate (SPV 12). According to the lag time for the incorporation of a breastfeeding signal of 
about 2 months, such a period equals the growth of an enamel prism stretch of 120–150 μm (given 
a mean daily secretion rate of c. 4 μm, [Birch & Dean, 2009]) and an approximate crown 
elongation of 600–1,000 μm (given a mean daily extension rate of 20–30 μm in midcoronal or 
cervical crown portions,[Mahoney, 2015]). Subtracting these values from the enamel forming edge 
of the tooth would indicate the region where the NNL must have been located. But, these tooth 
regions did not exhibit indications for the presence of a NNL. Survival rates for such substantially 
pre-term born infants must have been much lower in history prior to intensive medical care. 
Instead, the elevated δ15N values of SPV 12 and SPT 1 could be an indirect indication for 
nutritional in particular maternal stress of their actual mothers who might have had a negative 
nitrogen balance. Hence, not enough nitrogen is taken up than is required resulting in catabolism of 
the organisms own body tissue (Fuller et al., 2004; Katzenberg & Lovell, 1999). Also, the overall 
slight accentuation of the incremental pattern in both individuals can be interpreted as an indication 
for an under-supply of the organism during pregnancy. Pregnancy as a state of “accelerated 
starvation” can lead to an increase of nitrogen values due to nutritional stress if a pregnant woman 
does not meet her increased nutritional demands (Fuller et al., 2005). This could be an explanation 
of the increased δ15N values of a fetus or neonate lacking a NNL as in the case of SPV 12 and    
SPT 1. Alternatively, the δ15N values of SPV 12 and SPT 1 might not have been or been only 
slightly elevated compared to their actual mothers tissues (De Luca et al., 2012; Fuller et al., 2006). 
Those δ15N values could have been above the female average, either due to a diet rich in animal 
products or due to starvation or in particular pregnancy-related negative nitrogen balance (Mekota 
et al., 2006). The lack of a visible NNL in both individuals with elevated δ15N values compared to 
the female average is however contradicting the initial hypothesis that such an elevation can serve 
as a proxy of breastfeeding or the survival of birth for a short period. 
 
4.4. Past and future—How to proceed? 
The data in this study reveal how challenging it is to use stable isotopes from bone collagen to draw 
conclusions about the survival of the first postnatal weeks of neonates by means of a “breastfeeding 
signal.” Another aspect, which should be reconsidered in the future, is the fact that for 
archeological remains a δ15N female average in comparison with neonatal δ15N data is not 
sufficient for a comprehensive interpretation of survival and breastfeeding. Our results as well as 
other studies (Beaumont et al., 2015, 2018; Fahy et al., 2017) show how significant the application 
of more than one method is in order to validate the stable isotope results (Table 6). Further studies 
are required to prove or falsify our hypothesis that neither nitrogen ratios solely, nor in combination 
with the investigation of a NNL, provide sufficient information about birth survival. High δ15N 
values of preterm neonates require further investigation to ensure that “false breastfeeding signals” 
are properly interpreted in studies of past societies on birth survival, breastfeeding, and weaning. 
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Additionally, stable isotope ratios of neonates should be discussed carefully when comparing to 
female data or averages of the site if a clear actual mother–neonate/infant relationship cannot be 
verified in archeological settings, for example, mother–infant double-burials in combination with 
aDNA analysis. However, further combined diagnostic methods could provide information about 
postnatal survival, breastfeeding, and weaning. For instance, as proposed by Beaumont et al. 
(2018), the use of dentin collagen as a more accurate reflection of stable isotope values of the 
prenatal and postnatal phases. Booth, Redfern, and Gowland (2016) investigated bone diagenesis 
via micro-CT to evaluate the survival of neonates. Also, trace elements, for example, Barium and 
Strontium extracted from teeth is an additional approach to evaluate the time of birth and dietary 
changes during the first months of life (Austin et al., 2013; Humphrey, Dean, Jeffries, & Penn, 
2008; Tacail et al., 2017). Hence, we strongly recommended to use at least two independent 
methods to verify if and for how long an individual might have survived birth. Moreover, to verify 
if an observed fractionation could be due to breastfeeding or provides indirect information about 
maternal stress further baseline data is required. 
 
 
5. CONCLUSION 
The data presented in this study emphasize that care should be exercised in the interpretation of 
only stable isotope data of (very) young infants and associated females from the same archeological 
context, especially when discussing single individuals. With the combination of tooth histology, it 
is shown that elevated δ15N values of fetuses and neonates are not necessarily due to the onset of a 
breastfeeding signal and do not have to be an indication of survival in the first postnatal weeks. 
They might instead be caused by other factors, such as maternal stress, metabolic disorders, or due 
to the absence of the actuals mother's comparable data. However, tooth histology supports the 
interpretation and verification of possible stillbirth or false breastfeeding signals based on stable 
isotope analysis of neonates/infants from archeological contexts, but it has to be applied with care 
due to taphonomic alteration of the material. Especially, when the δ15N and δ13C values of the 
actual mother are not available for comparison with the analyzed infant isotope ratios the values 
have to be interpreted carefully. This pilot study advises further investigations to establish 
sufficient baseline data of neonatal and infant stable isotope values from bone and dentin collagen, 
trace elements from teeth, micro-CT of bones as well as tooth histology. These investigations will 
verify the usability of combined methods as indicators of short-term postnatal survival, 
breastfeeding, and weaning. 
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FIGURE 1: Map of Switzerland with the Roman settlement Petinesca indicated (left); general overview of the excavated area of Petinesca (upper right); finding situation of the infants in association to the 
ancient roman buildings (lower right). Source: Archäologischer Dienst Bern. 
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FIGURE 2: All δ13C values are plotted against δ15N values of both human and animal samples, n = 21 
and two females (Lösch et al., 2013) for comparison (note that whiskers related to all average values 
represent 1σSD of the average). It is evident that the animal bones especially the omnivores and 
herbivores express lower δ13C and δ15N values than the human samples. The carnivores are close to the 
female average. The measurement uncertainty is indicated in the right lower corner of the graph (δ13C = 
0.1‰; δ15N = 0.2‰).
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FIGURE 3: The δ13C values of the infants are plotted against the δ15N values. The female average is included: 
solid horizontal line = δ15N average with associated 1σSD as dotted lines; solid vertical line = δ13C average 
with associated 1σSD as dotted lines. It is evident that individual SPV 10 does not follow the overall trend of 
the infant values.
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FIGURE 4: Infant δ15N values (a) and δ13C values (b) plotted in relation to their age estimations. 
Indicted are the complete estimated age ranges. The female average (solid line) with associated 1σSD 
(dotted lines) is indicated. Lm, lunar months; Pm, postnatal months.
 
 
FIGURE 5: Phase contrast (a, d) and scanning electron (b, c) micrographs of Axiobuccolingual ground sections of the deciduous 
lower right canine (a) and deciduous lower right first incisor (b) of individual SPV 10, the deciduous upper left first incisor of 
individual SPT 1 (c), and the deciduous lower left first incisor of individual SPV 12 (d). Note presence of prismatic enamel up to 
the preserved surface in a, c, and d and obscured prism identity in the surface enamel in b (red arrowheads). Enamel prisms in 
d exhibit a marked prism crossstriation pattern. 
Table 1: Human and animal samples from the Roman site Petinesca (1st to 3rd century AD) used for stable isotope 
analysis. Lm = lunar months, na = not applicable, Pm = postnatal months (10 Lm = 0 Pm), ? = uncertain age 
estimation due to bad bone preservation. In those cases, age estimation was based on comparison of bone 
fragments to a known age estimated skeleton (Ulrich-Bochsler and Zwahlen 2011).  
Sample ID Species Bone sample Age 
SPV-1 Homo sapiens femur 8.5 to 9 Lm 
SPV-2 Homo sapiens femur 0 to 2 Pm 
SPV-3 Homo sapiens femur 0 to 2 Pm 
SPV-5 Homo sapiens femur 0 Pm 
SPV-7 Homo sapiens ilium, ribs 0 to 2 Pm? 
SPV-8 Homo sapiens femur, tibia & fibula 0 to 2 Pm? 
SPV-10 Homo sapiens femur 0 Pm 
SPV-11 Homo sapiens femur 0 Pm 
SPV-12 Homo sapiens femur 0 Pm 
SPV-13 Homo sapiens femur 9.5 to 10 Lm 
SPT-1 Homo sapiens femur 9.5 to 10 Lm 
SPV-C1 Canis familiaries mandible na 
SPV-C2 Canis familiaries long bone na 
SPV-V1 Vulpus vulpus long bone na 
SPV-G1 Gallus domesticus long bone na 
SPV-S1 Sus domesticus long bone na 
SPV-S2 Sus domesticus cranium na 
SPV-S7 Sus domesticus cranium na 
SPV-E3 Equus caballus long bone na 
SPV-B3 Bos taurus cranium na 
SPV-B6 Bos taurus mandible na 
SPV-B7 Bos taurus mandible na 
SPV-C/O2 Capra/ Ovis cranium na 
SPV-C/O3 Capra/ Ovis mandible na 
SPV-C/O6 Capra/ Ovis long bone na 
 
Table 2: Stable isotope data of infant and female samples from the Roman site Petinesca (1st to 3rd century AD); 
Lm = lunar months, Pm = postnatal months, ? = uncertain age estimation due to bad preservation 
(Ulrich-Bochsler and Zwahlen 2011). 
 
Sample 
ID Bone sample 
Age (Lm/ 
Pm/years) 
δ13C 
[‰]V-PDB 
δ15N 
[‰]AIR 
collagen 
portion % %C %N 
C/N 
mol 
SPV 1 femur 8.5 to 9 Lm -18.65 11.07 5.8 41.8 15.3 3.2 
SPV 2 femur 0 to 2 Pm not enough collagen 
SPV 3 femur 0 to 2 Pm -18.47 11.38 4.5 40.2 14.6 3.2 
SPV 5 femur 10 Lm -19.70 10.43 1.5 40.9 14.0 3.4 
SPV 7 ilium, ribs 0 to 2? Pm -19.05 12.26 2.1 43.8 15.8 3.2 
SPV 8 femur, tibia & fibula 0 to 2? Pm -18.83 12.00 2.1 40.3 14.8 3.2 
SPV 10 femur 10 Lm -16.62 9.17 7.2 35.0 12.9 3.2 
SPV 11 femur 10 Lm -19.05 11.32 1.8 31.4 10.9 3.4 
SPV 12 femur 10 Lm -19.65 11.24 1.5 43.0 14.5 3.5 
SPV 13 femur 9.5 to 10 Lm -19.11 11.66 2.3 43.7 15.1 3.4 
SPT 1 femur 9.5 to 10 Lm -19.39 11.33 9.3 44.8 16.6 3.2 
V 52 femur 30 to 50  -19.45 9.11 1.7 38.5 13.6 3.3 
V 224 femur 30 to 50 -18.86 9.38 2.6 38.0 13.4 3.3 
Site Position 
Table 3: Stable isotope data of animal samples from the Roman site Petinesca (1st to 3rd century AD).  
Sample 
ID Species Nutrition 
δ13C 
[‰]V-PDB 
δ15N 
[‰]AIR 
Collagen 
portion % %C %N 
C/N 
mol 
SPV C1 Canis familiaries carnivore -19.31 8.73 5.3 42.4 15.9 3.1 
SPV C2 Canis familiaries carnivore -21.17 6.90 7.9 39.3 16.6 2.8 
SPV V1 Vulpus vulpus carnivore -19.16 8.60 2.5 41.2 16.0 3.0 
SPV G1 Gallus domesticus 
omnivore 
(bird) -17.29 8.11 4.5 43.3 16.4 3.1 
SPV S1 Sus domesticus omnivore -21.58 4.83 8.6 41.8 15.5 3.2 
SPV S2 Sus domesticus omnivore -21.24 4.40 4.1 40.8 14.6 3.3 
SPV S7 Sus domesticus omnivore -21.07 5.71 4.7 43.1 16.4 3.1 
SPV E3 Equus caballus herbivore -21.27 7.57 5.5 43.3 16.6 3.0 
SPV B3 Bos taurus herbivore not enough collagen 
SPV B6 Bos taurus herbivore -20.74 7.14 8.4 43.5 16.3 3.1 
SPV B7 Bos taurus herbivore -21.21 4.23 3.7 41.2 16.3 3.0 
SPV C/O2 Capra/ Ovis herbivore -20.94 4.55 1.7 40.1 15.7 3.0 
SPV C/O3 Capra/ Ovis herbivore not enough collagen 
SPV C/O6 Capra/ Ovis herbivore not enough collagen 
 
1 
 
Table 4: Vertical tooth height measurements of deciduous tooth crowns with corresponding ages read 
from the charts of Deutsch et al. (1984) and provided by Liversidge (personal communication) based 
on unpublished data from the collection of Maurice Stack; Lm = lunar months. 
 
Sample ID tooth height (mm) age (Lm) 
SPV 10 
Decisuous lower right 
first incisor (dLRI1) 4.9 ~ 10 
Deciduous lower right 
canine (dLRC) 3.0 ~ 10 
SPV 12 Deciduous lower left first incisor (dLLI1) 4.7 ~ 10 
SPT 1 
Deciduous upper left first 
incisor (dULI1)61 4.9 ~ 9 
Deciduous upper right 
third premolar (dURP3) 3.3 ~ 9 
 
Table 5: Individuals screened for elevated δ15N values, resp. a breastfeeding signal and a NNL; Lm = lunar 
months, based on morphological analysis of bones and measurement of tooth height (table 4), NNL = neonatal 
line.  
Sample 
ID 
Age (Lm) Breastfeeding 
signal NNL bone teeth 
SPV 10 10 10  no no 
SPV 12 10 10 yes no 
SPT 1 9.5-10 9 yes no 
 
Table 6: Summarized result combinations of δ15N values of the infants compared to a female average in 
correlation with the presences or absence of a NNL and corresponding interpretations; NNL = Neonatal line.  
Possible result 
combinations 
δ15N values compared to 
female average NNL Interpretation 
15N not enriched no 
Infant younger than 7-10 days of age, 
possible stillbirth, perinatal death, an 
early neonatal death or the practice of 
infanticide 
15N not enriched yes 
Infant older than 7-10 days of age, but 
in the range of the lag time of bone 
collagen turnover: Alternatively, the 
δ15N of the mother could have been 
markedly below the female average 
15N enriched no 
Infant younger than 7-10 days of age 
or the NNL is obliterated due to 
taphonomic reasons, δ15N values 
possible due to metabolic reasons, true 
δ15N value in relation to actual mother 
not known which could also have been 
markedly above the female average, 
possibly due to nutritional, resp. 
maternal stress  
15N enriched yes 
Infant older than 7-10 days of age, 
possibly a beginning breastfeeding 
signal 
 
